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FOLDING INTERLEAVER 
CROSS-REFERENCE TO RELATED APPLICATIONS: 

[0001] This application is a continuation in part application of United States Patent 

Application Serial No. 09/892,224, filed on June 25, 2001, and entitled FOLD INTERLEAVER, 
(Docket No. 12569-05), the entire contents of which are hereby expressly incorporated by 
reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to optical devices and relates more 

particularly to an interleaver for optical communications and the like. 

BACKGROUND OF THE INVENTION 

[0003] Optical communication systems which utilize wavelength-division multiplexing 

(WDM) and dense wavelength-division multiplexing (DWDM) technologies are well known. 
According to both wavelength-division multiplexing and dense wavelength-division 
multiplexing, a plurality of different wavelengths of light, preferably infrared light, are 
transmitted via a single medium such as an optical fiber. Each wavelength corresponds to a 
separate channel and carries information generally independently with respect to the other 
channels. The plurality of wavelengths (and consequently the corresponding plurality of 
channels) are transmitted simultaneously without interference with one another, so as to 
substantially enhance the transmission bandwidth of the communication system. Thus, 
according to wavelength-division multiplexing and dense wavelength-division multiplexing 
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technologies, a much greater amount of information can be transmitted than is possible utilizing 
a single wavelength optical communication system. 

[0004] The individual channels of a wavelength-division multiplexed or dense 

wavelength-division multiplexed signal must be selected or separated from one another at a 
receiver in order to facilitate detection and demodulation thereof. This separation or 
demultiplexing process can be performed or assisted by an interleaver. A similar device 
, l facilitates multiplexing of the individual channels by a transmitter. 

: 3S 3 

2 [0005] It is important that the interleaver separate the individual channels sufficiently so 

as to mitigate undesirable crosstalk therebetween. Crosstalk occurs when channels overlap, 
;s p: i.e., remain substantially unseparated, such that some portion of one or more non-selected 
M channels remains in combination with a selected channel. As those skilled in the art will 
W appreciate, such crosstalk interferes with the detection and/or demodulation process. Generally, 
the effects of crosstalk must be compensated for by undesirably increasing channel spacing 
and/or reducing the communication speed, so as to facilitate reliable detection/demodulation of 
the signal. 

[0006] However, as channel usage inherently increases over time, the need for efficient 

utilization of available bandwidth becomes more important. Therefore, it is highly undesirable 
to increase channel spacing and/or to reduce communication speed in order to compensate for the 
effects of crosstalk. Moreover, it is generally desirable to decrease channel spacing and to 
increase communication speed so as to facilitate the communication of a greater quantity of 
information utilizing a given bandwidth. 
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10007] Modern dense wavelength-division multiplexed (DWDM) optical 

communications and the like require that network systems offer an ever-increasing number of 
channel counts, thus mandating the use of a narrower channel spacing in order to accommodate 
the increasing number of channel counts. The optical interleaver, which multiplexes and 
demultiplexes optical channels with respect to the physical media, i.e., optical fiber, offers a 
potential upgrade path, so as to facilitate scalability in both channel spacing and number of 
channel counts in a manner which enhances the performance of optical communication 
networks. 

[0008] As a multiplexer, an interleaver can combine two streams of optical signals, 

wherein one stream contains odd channels and the other stream contains even channels, into a 
single, more densely spaced optical signal stream. As a demultiplexer, an interleaver can 
separate a dense signal stream into two, wider spaced streams, wherein one stream contains the 
odd channels and the other stream contains the even channels. Thus, the interleaver offers 
scalability which allows contemporary communication technologies that perform well at wider 
channel spacing to address narrower, more bandwidth efficient, channel spacings. 

[0009] There are four basic types of interleavers suitable for multiplexing and 

demultiplexing optical signals. These include birefringent filters, thin-film dielectric devices, 
planar waveguides, and fiber-based devices. All of these contemporary interleaving technologies 
suffer from substantial limitations with respect to channel spacing, dispersion, insertion loss, 
channel isolation, temperature stability, cost, reliability and flexibility. For example, most 
commercially available interleavers provide only 100 GHz and 50 GHz channel spacings. 
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Reduction of channel spacing to 25 GHz, 12.5 GHz and beyond appears to be difficult and 
challenging. 

[0010] Since it is generally impractical and undesirably expensive to provide precise 

control during manufacturing, the actual wavelength of communication channels and the center 
wavelength of filters generally tend to mismatch with each other. Precise control of 
manufacturing processes is difficult because it involves the use of more stringent tolerances 
which inherently require more accurate manufacturing equipment and more time consuming 
procedures. The actual wavelength of the communication channel and the center wavelength of 
the filter also tend to drift over time due to inevitable material and device degradation over time 
and also due to changes in the optical characteristics of optical components due to temperature 
changes. Therefore, it is important that the passband be wide enough so as to include a selected 
signal, even when both the carrier wavelength of the selected signal and the center wavelength of 
the passband are not precisely matched or aligned during manufacturing and have drifted 
substantially over time. 

[0011] Although having a wider filter passband is generally desirable, so as to facilitate 

the filtering of signals which have drifted somewhat from their nominal center wavelength, the 
use of such wider pass bands and the consequent accommodation of channel center wavelength 
drift does introduce the possibility for undesirably large dispersion being introduced into a 
filtered channel. Typically, the dispersion introduced by a birefringent filter or interleaver 
increases rapidly as the channel spacing is reduced and as a channel moves away from its 
nominal center wavelength, as discussed in detail below. Thus, as more channel wavelength 
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error is tolerated in a birefringent filter or interleave^ greater dispersion valves are likely to be 
introduced. 

[0012] As those skilled in the art will appreciate, dispersion is the non-linear phase 

response of an optical device or system wherein light of different wavelengths is spread or 
dispersed, such that the phase relationship among the different wavelengths varies undesirably as 
the light passes through the device or system. Such dispersion undesirably distorts optical 
signals, such as those used in optical communication systems. 

[0013] The nonlinear phase response or dispersion of WDM and DWDM devices is 

responsible for signal distortion which results in undesired limitations on channel capability. 
That is, such dispersion undesirably limits the useable bandwidth of a channel, such as that of a 
fiber optic communication system. Such undesirable limitation of the bandwidth of a channel in 
a fiber optic communication system inherently reduces the bit rate of data transmitted thereby. 

[0014] Contemporary interleavers have dispersion versus wavelength curves which have 

zero dispersion value at a particular wavelength, such as at nominal channel center wavelength. 
The dispersion versus wavelength curve of such contemporary interleavers departs drastically 
from this zero dispersion value as the wavelength moves away from the nominal channel center 
wavelength. Thus, small deviations in channel center wavelength can result in undesirably large 
dispersion values being realized. 

[0015] Since, as discussed in detail above, it is extremely difficult, if not impossible, to 

maintain the actual channel wavelength precisely at its nominal value, such channel center 
wavelengths do vary, thereby resulting in undesirably large dispersion values. 
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[0016] As channel spacing is decreased continuously for larger channel count over a 

given bandwidth, significant and undesirable dispersion appears and can dramatically degrade 
optical signal quality, particularly in high bit rate optical communication systems. 

[0017] Thus, there is a need to provide an optical interleaver which can overcome or 

mitigate at least some of the above-mentioned limitations. 

SUMMARY OF THE INVENTION 

[0018] The present inventions specifically addresses and alleviates the above-mentioned 

deficiencies associated with the prior art. More particularly, the present invention comprises an 
interleaver comprising a birefringent element assembly which comprises at least one birefringent 
element. The interleaver further comprises a reflector configured so as to direct light from the 
birefringent element assembly back into and through the birefringent element assembly, such 
that the light traverses the birefringent element assembly in two different and opposite directions. 
Directing light from the birefringent element assembly back through the birefringent element 
assembly such that the light traverses the birefringent element assembly in both directions 
substantially mitigates crosstalk and dispersion of the interleaver. 

[0019] These, as well as other advantages of the present invention, will be more apparent 

from the following description and drawings. It is understood that changes in the specific 
structure shown and described may be made within the scope of the claims without departing 
from the spirit of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] Figure 1 is a schematic diagram of a contemporary birefringent filter or 

interleaver. 

[0021] Figure 2 is a schematic diagram of a fold interleaver configuration according to 

the present invention, showing birefringent element angular orientations (with respect to a 
polarization direction of an input light) for incident light and for returning light; 

[0022] Figure 3 is a chart showing dispersion vs. wavelength for a three-element 50 GHz 

non-fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° and 
having phase delays of T , 2 T and 2 T , for each of the three birefringent elements, respectively; 

[0023] Figure 4 is a chart showing phase distortion vs. wavelength for a three-element 

50 GHz non-fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° 
and having phase delays of T , 2 T and 2 T , for each of the three birefringent elements, 
respectively; 

[0024] Figure 5 is a chart showing transmission vs. wavelength for a three-element 

50 GHz non-fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° 
and having phase delays of T , 2 T and 2 T , for each of the three birefringent elements, 
respectively; 

[0025] Figure 6 a chart showing dispersion vs. wavelength for a three-element 50 GHz 

fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° and having 
phase delays of T , 2 T and 2 T , for each of the three birefringent elements, respectively; 
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[0026] Figure 7 is a chart showing phase distortion vs. wavelength for a three-element 

50 GHz fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° and 
having phase delays of T , 2 T and 2 T , for each of the three birefringent element, respectively; 

[0027] Figure 8 is a chart showing transmission vs. wavelength for a three-element 

50 GHz fold interleaver having birefringent element angular orientations of 45°, -21°, and 7° and 

having phase delays of T , 2 T and 2 Y , for each of the three birefringent element, respectively; 

□ [0028] Figure 9 is a schematic diagram of a three-element fold interleaver according to 

. SJS.i 

one embodiment of the present invention wherein a prism is used to cause light to be transmitted 

m 

back through the birefringent elements; 

[0029] Figure 10 is a series of frames showing the optical beam states, the crystal 

: ^ orientations and the half-wave waveplate orientations at different locations in an exemplary fold 
'X interleaver of Figure 9; 

: : 

[0030] Figure 1 1 is a schematic diagram of a two-element fold interleaver according to 

another embodiment of the present invention wherein a prism is used to cause light to be 
transmitted back through the birefringent elements; 

[0031] Figure 12 is a series of frames showing the optical beam states, the crystal 

orientations and the half-wave waveplate orientations at different locations in an exemplary fold 
interleaver of Figure 1 1 ; 
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[0032] Figure 1 3 a chart showing dispersion vs. wavelength for a two-element 50 GHz 

non-fold interleaver having birefiingent element angular orientations of 45° and -15° and having 
phase delays of T and 2 T for each of the two birefiingent elements, respectively; 

[0033] Figure 14 is a chart showing phase distortion vs. wavelength for a two-element 

50 GHz non-fold interleaver having birefiingent element angular orientations of 45° and -15° 
and having phase delays of r and 2Y for each of the two birefiingent elements, respectively; 

::»:= 

.58E, 

%t [0034] Figure 1 5 is a chart showing transmission vs. wavelength for a two-element 

50 GHz non-fold interleaver having birefiingent element angular orientations of 45° and -15° 

MM 

I j and having phase delays of T and 2 r for each of the two birefiingent elements, respectively; 

ss: 

l—a- [0035] Figure 1 6 a chart showing dispersion vs. wavelength for a two-element 50 GHz 

UJ fold interleaver having birefiingent element angular orientations of 45° and -1 5° and having 

□ phase delays of T and 2 F for each of the two birefiingent elements, respectively; 

[0036] Figure 1 7 is a chart showing phase distortion vs. wavelength for a two-element 

50 GHz fold interleaver having birefiingent element angular orientations of 45° and -15° and 
having phase delays of T and 2 T for each of the two birefiingent elements, respectively; 

[0037] Figure 1 8 is a chart showing transmission vs. wavelength for a two-element 

50 GHz fold interleaver having birefiingent element angular orientations of 45° and -15° and 
having phase delays of T and 2 T for each of the two birefiingent elements, respectively; 

[0038] Figure 19 a chart showing dispersion vs. wavelength for a one-element 50 GHz 

non-fold interleaver having a birefiingent element angular orientation of 45°; 
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[0039] Figure 20 is a chart showing phase distortion vs. wavelength for a one-element 

50 GHz non-fold interleaver having a birefringent element angular orientation of 45°; 

[0040] Figure 21 is a chart showing transmission vs. wavelength for a one-element 

50 GHz non-fold interleaver having a birefringent element angular orientation of 45°; 

[0041] Figure 22 a chart showing dispersion vs. wavelength for a one-element 50 GHz 

fold interleaver having a birefringent element angular orientation of 45°; 

[0042] Figure 23 is a chart showing phase distortion vs. wavelength for a one-element 

50 GHz fold interleaver having a birefringent element angular orientation of 45°; 

[0043] Figure 24 is a chart showing transmission vs. wavelength for a one-element 

50 GHz fold interleaver having a birefringent element angular orientation of 45°; 

[0044] Figure 25 is a schematic diagram of a three-element fold interleaver according to 

another embodiment of the present invention, wherein a mirror is used to cause light to be 
transmitted back through the birefringent elements; 

[0045] Figure 26 is a series of frames showing the optical beam states, the crystal 

orientations and the quarter-wave and half- wave waveplate orientations at different locations in 
an exemplary fold interleaver of Figure 25; 

[0046] Figure 27 is a schematic diagram of a two-element fold interleaver according to 

another embodiment of the present invention, wherein a mirror is used to cause light to be 
transmitted back through the birefringent elements; 
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[0047] Figure 28 is a series of frames showing the optical beams states, the crystal 

orientations and the quarter-wave and half- wave waveplate orientations at different locations in 
an exemplary fold interleaver of Figure 27; 

[0048] Figure 29 is a schematic diagram of an alternative configuration of a three- 

element fold interleaver according to another embodiment of the present invention; and 

[0049] Figure 30 is a schematic diagram of an alternative configuration of a two-element 

Hj fold interleaver according to yet another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
I j [0050] The detailed description set forth below in connection with the appended 

drawings is intended as a description of the presently preferred embodiment of the invention and 

|~b is not intended to represent the only form in which the present invention may be constructed or 

UJ 

Q utilized. The description sets forth the functions of the invention and the sequence of steps for 
constructing and operating the invention in connection with the illustrated embodiment. It is to 
be understood, however, that the same or equivalent functions and sequences may be 
accomplished by different embodiments that are also intended to be encompassed with the spirit 
and scope of the invention. 

[0051] The description contained herein is directed primarily to the configuration of an 

interleaver as a demultiplexer. However, as those skilled in the art will appreciate, the present 
invention may be used in both demultiplexers and multiplexers. The difference between 
demultiplexers and multiplexers is small and the configuration of the present invention as either 
desired device is well within the ability of one of the ordinary skill in the art. 

11 
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[0052] Two different reference systems are used in this patent application for the 

determination of angular orientations. One reference system is used for the determination of the 
angular orientations of birefringent elements, such as birefringent crystals, with respect to the 
polarization direction of input light. Another reference system is used for the determination of 
the angular orientations of birefringent elements and the angular orientations of waveplates with 
respect to a moving (x, y, z) coordinate system. Thus, for the birefringent element angular 
orientations, two separate reference systems are utilized. Thus, when reading the detailed 
description below, it will be very helpful to understand these two reference systems. 

[0053] When the angular orientation of a birefringent element is discussed, the angular 

orientation is typically the fast axis of the birefringent element with respect to the polarization 
direction of incoming light just prior to the incoming light reaching the birefringent element. 
Determination of the angular orientation is made by observing oncoming light with the 
convention that the angle is positive if the rotation of the fast axis is clockwise with respect to the 
polarization direction of the oncoming light and is negative if the rotation is counter-clockwise 
with respect to the polarization direction of the oncoming light. 

[0054] If there is a series of birefringent elements, such as in a birefringent filter, the 

angular orientations of each of the elements of the filter are measured by their fast axes with 
respect to the polarization direction of incoming light just prior to the incoming light reaching 
the first birefringent element of the filter. If there are more than one birefringent filters in a 
sequence, then the angular orientations are determined separately for each birefringent filter (the 
angular orientations are measured with respect to the polarization direction of incoming light just 
prior to the incoming light reaching the first birefringent element of each different filter). Thus, 
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each birefringent filter has its own independent reference for the determination of the angular 
orientations of the birefringent elements thereof. 

[0055] By the way of contrast, the angular orientation of birefringent elements and 

angular orientations of waveplates are also measured by the fast axes of birefringent elements 
and the optic axes of waveplates with respect to the +x axis. However, it is very important to 
appreciate that the +x axis is part of the moving coordinate system. This coordinate system 
travels with the light, such that the light is always traveling in the +z direction and such that the 
+y axis is always up as shown in the drawings. Thus, when the light changes direction, the 
coordinate system rotates with the +y axis thereof so as to provide a new coordinate system. The 
use of such a moving coordinate system allows the optical beam states, the birefringent elements, 
and the waveplates to be viewed in a consistent manner at various locations in the devices, i.e., 
always looking into the light, and therefore substantially simplifies viewing and analysis of the 
devices. 

[0056] Determination of the angular orientations in (x, y, z) coordinate system is made 

by observing oncoming light with the convention that the angle is positive if the rotation of the 
corresponding optical axis is counter-clockwise with respect to +x axis and is negative if the 
rotation is clockwise with respect to the +x axis (which is consistent with the conventional use of 
(x, y, z) coordinate system, but which is contrary to the sign convention for determining the 
angular orientations of birefringent elements with respect to the input polarization direction, as 
discussed above). 
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[0057] As those skilled in the art will appreciate, an interleaver is an optical device which 

typically includes at least one birefringent filter. Further, a birefiingent filter is one example of a 
comb filter. 

[0058] The present invention comprises an interleaver which comprises a birefiingent 

element assembly and a reflector configured so as to direct light which was emitted from the 
birefringent element assembly back into and through the birefringent element assembly. The 
birefringent element assembly comprises at least one birefringent element, such as a birefringent 
crystal. Directing light from the birefringent element assembly back into and through the 
birefringent element assembly causes the light to be transmitted through the birefringent element 
assembly twice, one in each of two different opposite directions. By transmitting the light 
through the birefringent element assembly in both directions, crosstalk can be substantially 
mitigated. Further, dispersion can be substantially mitigated or eliminated. 

[0059] Directing light from the birefringent element assembly back into and through the 

birefringent element assembly is achieved by use of a light reflector. The reflector preferably 
comprises a single prism. However, those skilled in the art will appreciate that the reflector may 
alternatively comprise more than one prism and/or one or more mirrors or etalons. 

[0060] The birefringent element assembly may contain any desired number of 

birefringent elements, such as birefringent crystals. For example, the birefringent element 
assembly may contain one, two, three, four, five or more birefringent elements. As those skilled 
in the art will appreciate, additional birefringent elements tend to enhance the transmission vs. 
wavelength curve of the birefringent filter or interleaver defined by the birefringent elements, so 
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as to tend to provide a flatter and wider passband and/or so as to provide a deeper and wider 
stopband. 

[0061] Preferably, the birefringent element assembly comprises birefringent crystals. 

However, those skilled in art will appreciate that various other birefringent devices are likewise 
suitable. For example, spatial birefringent devices (which utilize first and second paths having 
different physical path lengths and/or different indices of refraction) are likewise suitable. 

[0062] According to one preferred embodiment of the present invention, the birefringent 

element assembly is disposed intermediate (in an optical sense) an input polarization beam 
displacer and an intermediate polarization beam displacer. 

[0063] According to one preferred embodiment of the present invention, the interleaver 

comprises an input polarization beam displacer from which light is transmitted to the birefringent 
element assembly; a first input half-wave waveplate assembly configured to receive light from 
the input polarization beam displacer and change the light polarization directions; an 
intermediate polarization beam displacer configured to transmit light from the birefringent 
element assembly before the light is transmitted back through the birefringent element assembly; 
a second input half- wave waveplate assembly configured to control the light polarization 
direction before the light is transmitted back through the birefringent element assembly; an 
output half-wave waveplate assembly configured to control the light polarization direction after 
the light is transmitted back through the birefringent element assembly; and an output 
polarization beam displacer to which light is transmitted after the light has been transmitted back 
through the birefringent element assembly. 
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[0064] Thus, the present invention comprises a method for interleaving a light beam, 

such as for use in multiplexing and de-multiplexing dense wavelength-division multiplex 
(DWDM) communication signals. The method comprises transmitting a beam of light through a 
birefringent element assembly in a first direction and then transmitting the beam of light through 
the same birefringent element assembly in a second direction, which is generally opposite to the 
first direction. Transmitting the beam of light through the birefringent element assembly in both 
the first and second directions mitigates crosstalk. Further, dispersion can be mitigated in 

hj 

□ interleavers having more than a single birefringent element or birefringent crystal. 

i*n 

\! [0065] Referring now to Figure 1 , a Sole birefringent filter can be utilized to construct an 

f~ interleaves In a Sole birefringent filter, birefringent element assembly 13 is disposed 

intermediate two polarizing devices, such as input polarizer 1 1 and output polarizer 12. The 

jsais 

birefringent element assembly may comprise a plurality of birefringent crystals such as first 
y s birefringent crystal 1 5, second birefringent crystal 1 6 and third birefringent crystal 1 7. The 
birefringent crystals have lengths of Li, L 2 and L 3 . According to contemporary practice, such 
birefringent element assemblies commonly comprise three birefringent crystals, wherein the first 
birefringent crystal 15 has an angular orientation of 45°, the second birefringent crystal 16 has an 
angular orientation of -15° and third birefringent crystal 17 has an angular orientation of 10°, all 
with respect to a polarization direction of the input polarizer 1 1 . Further, according to 
contemporary practice, the first birefringent crystal 1 has a length Li = L, second birefringent 
crystal 16 has a length U = 2L, and third birefringent crystal has a length L 3 = 2L. Thus, the 
second birefringent crystal 16 and the third birefringent crystal 17 provide phase delays (2T ) 
which are approximately twice the phase delay (T ) provided by the first birefringent crystal 15. 
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[0066] Although the contemporary birefringent element orientations of 45°, -15° and 10° 

do provide generally satisfactory transmission characteristics to a certain degree, i.e., provide a 
generally flat passband, enhanced transmission characteristics can be provided via the use of 
other sets of angles and phase delays for the birefringent elements. 

[0067] For example, orientations angles of 45°, -2 1 0 and 7° and phase delays r , 2 r , 2 T 

for the first birefringent element, second birefringent element and third birefringent element, 
respectively, may alternatively be utilized to provide enhanced passband and stopband 
characteristics, so as to mitigate undesirable crosstalk between channels in a dense wavelength- 
division multiplexing (DWDM) optical communication system or the like. The crosstalk can be 
further reduced by letting optical signals pass through another birefringent filter. But this leads 
to higher cost due to the doubling in device numbers. 

[0068] In addition, according to contemporary practice, birefringent filters (wherein light 

passes therethrough only once and in a single direction) always introduce a finite, undesirably 
high, amount of dispersion. The dispersion introduced by such contemporary birefringent filters 
is sufficient to significantly degrade optical signal quality. Because of this degradation in optical 
signal quality, further advances in channel spacing reduction are difficult, if not impossible. 

[0069] However, according to the present invention, an interleaver utilizing a birefringent 

filter is constructed in a manner which substantially mitigates crosstalk without additional 
birefringent elements. Further, dispersion can be substantially mitigated and eliminated without 
additional birefringent elements. This is accomplished by configuring the present invention such 
that light travels through the same birefringent filter twice or more times, in two generally 
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opposite directions. Therefore, the present invention facilitates the construction of an interleaver 
which makes possible substantially reduced channel spacing, so as to desirably increase the 
effective bandwidth of an optical medium and thereby enhance the potential for channel count 
increases. 

[0070] According to one embodiment of the present invention, a birefringent filter or 

interleaver can be formed, such that the dispersion vs. wavelength curve thereof is approximately 
zero for all wavelengths and thus such that the birefringent filter or interleaver itself contributes 
very little or no dispersion. Therefore, the interleaver of the present invention may be utilized to 
mitigate total dispersion within an optical system by minimizing its own introduction of 
undesirable dispersion. 

[0071] It has been found that if </> u <f> 2, and <f> 3 are the orientation angles for the first, 

second and third birefringent elements, then the same transmission performance is obtained for 
birefringent element orientations of 90° - </> u 90° - 0 2 and 90° - </> 3, as well as for birefringent 
element orientations of 90° + <f> u 90° + </> 2 and 90° + <f> 3 , respectively. However, the dispersion 
curves are flipped about the zero dispersion axis for the sets of angles of 90° - <p u 90° - 0 2 and 
90° - 1 3 , as well as 90° + 0 u 90° + (p 2 and 90° + <f> 3, when taken with respect to the 
orientations of <f> 1, (f> 2 and That is, the dispersion curve of a birefringent filter having 
birefringent element orientations of <f> 1, 0 2 and 0 3 will be opposite the dispersion curve of either 
a birefringent filter having birefringent element orientations of 90° - ^ 1, 90° - <j> 2 and 90° - ^3 or 
a birefringent filter having birefringent element orientations of 90° + <j> u 90° + <t> 2 and 90° + ^3. 
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This is true when the phase delays of the first, second and third birefringent elements are in the 
same order. 

[0072] It is possible to configure two birefringent element assemblies such that the 

birefringent elements thereof have phase delays which are in reverse order with respect to one 
another and wherein the dispersion curves for the two birefringent element assemblies are 
opposite to one another. It has been found that if <f> i, <f> 2 , and ^ 3 are the orientation angles for 
the first, second and third birefringent elements having a first order of phase delays, then the 
same transmission performance is obtained for birefringent element orientations of 90° - <j> 3, 
90° - <j> 2 , and 90° - <f> 1 or 90° + </> 3, 90° + <j> 2 , and 90° + </> 1 for a parallel component from the 
birefringent element assembly having angles of <j> 1, <f> 2 , and 0 3 , as well as for birefringent 
element orientations of <f> 3, ^ 2 , and <j> \ or - <j> 3, - <j> 2 , and - <f> \ for an orthogonal component from 
the birefringent element assembly having angle orientations of <j> 1, ^ 2 , and ^3. Again, the 
dispersion curves are flipped about the zero dispersion axis for these sets of angles with respect 
to the orientations of </> 1, <j>2 and ^3. 

[0073] Thus, two different birefringent element assemblies may be constructed so as to 

substantially cancel the dispersion introduced by one another when either the order of the phase 
delays of each birefringent element assembly is the same or when the order of phase delays of 
each birefringent element assembly are reversed with respect to one another. 

[0074] Therefore, if an optical beam is transmitted through two interleavers sequentially, 

wherein the two interleavers have been designed such that they have flipped dispersion curves 
with respect to one another, then the dispersion of the two interleavers cancels and the total 

19 

DOCSOa859510vl\12569.0016 



n 



ill! 



12569-16/NEC 

dispersion of the two interleavers is zero or approximately zero. However, this configuration 
requires at least two separate interleavers to achieve zero or approximately zero dispersion for 
both odd and even channels. 

[0075] Referring now to Fig. 2, dispersion is substantially mitigated by transmitting a 

beam of light (incident light as labeled in Figure 2) through a birefiingent element assembly, 
such as a birefiingent element assembly (such as item 13 of Fig. 1) comprising three different 
birefiingent elements or crystals, wherein the first element (such as first birefringent crystal is of 
Figure 1) has a fast axis ft oriented at an angle of <j> \ with respect to a polarization direction of an 
input light (such as P shown in Figure 2), a second birefringent element (such as second 
birefringent crystal 16 of Figure 1) has a fast axis f 2 thereof oriented at an angle of <j> 2 with 
respect to the polarization direction of the input light P and a third birefringent element (such as 
third birefringent crystal 1 7 of Figure 1 ) has a fast axis f 3 thereof oriented at an angle of <t> 3 with 
respect to the polarization direction of the input light P. 

[0076] After the optical beam passes through the three birefringent elements of Figure 2, 

two separate sets of interleaved signals (channels) having polarizations which are orthogonal to 
one another are obtained. For example, the odd channels may be polarized along the Pi direction 
and the even channels polarized along the P 2 direction. The incident light is reflected, such as 
by a mirror or prism, and then travels back through the same set of birefringent elements in the 
reverse direction (and is labeled returning light in Figure 2). After light has traveled through the 
birefringent element assembly and before the light travels back through the same birefringent 
assembly in the reverse direction, Pi and P 2 are rotated by 90° to Pi' and P 2 \ respectively. 
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[0077] Thus, it is possible to construct an interleaver which provides approximately zero 

dispersion and which does not require the use of two separate birefringent filters, as discussed 
above. Such a zero dispersion interleaver may be constructed by folding the light path (as shown 
generally in Figure 2 and as shown more particularly in Figure 9 and 11), such that incident light 
traveling through the birefringent filter in a forward direction is reflected back through the filter 
in a reverse direction. 

[0078] Referring now to Figures 3-5, the dispersion vs. wavelength, phase vs. 

wavelength and transmission vs. wavelength for a 50 GHz three-element non-fold interleaver 
having birefringent element orientations of 45°, -2 1 ° and 7° and having phase delays of T , 2 T , 
2 T respectively, are shown for incident light traveling through the interleaver (and not being 
reflected back therethrough). As can be easily seen in Figure 3, the dispersion has non-zero 
values at various different wavelengths. Thus, this non-fold interleaver introduces undesirable 
dispersion. 

[0079] Referring now to Figures 6-8, the dispersion versus wavelength, phase versus 

wavelength, and transmission versus wavelength curves for a 50 GHz three-element fold 
interleaver are shown. This may be accomplished by using the birefringent elements that 
produced the dispersion versus wavelength curve of Figure 3 and by rotating Pi and P 2 by 90° to 
Pi* and P 2 * and then by sending the light back through the birefringent elements after the light 
has already passed there through once. The light is transmitted back through the birefringent 
element in a direction opposite to the direction in which it was first transmitted. 
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[0080] Thus, as shown in Figure 6, reflecting the incident light back through the 

birefiingent filter such that returning light is transmitted through the filter in the reverse direction 
results in approximately zero dispersion for all wavelengths. Similarly, zero phase distortion is 
provided at all wavelengths, as shown in Figure 7. 

[0081] Additionally, as shown in Figure 8, the depth of the stopband is substantially 

enhanced, thereby further enhancing filter performance. The stopband of the fold interleaver 
shown in Figure 8 has wider -30 dB points than the stopband of the non-fold interleaver shown 
in Figure 5 and also has a crosstalk of almost -80 dB. 

[0082] Referring again to Figure 2, reflecting the optical beam back through the 

birefiingent element assembly causes the beams to pass through the birefiingent elements having 
orientations of 90° - <fi 3 , 90° - 0 2 , and 90° - $ \ with respect to the polarization direction of the 
returning input light Pf and - <j>^ - <j> 2 , and <j> u with respect to the polarization direction of the 
returning input light P 2 \ Thus, when the returning light beam exits the birefringent filter of 
Figure 2, both the odd channels (those channels polarized along the Pi" direction) and the even 
channels (those channels polarized along the P 2 " direction) have approximately zero dispersion. 
That is, such a fold interleaver does not introduce substantial dispersion into an optical signal 
transmitted therethrough. 

[0083] Referring now to Figure 9, a three-element fold interleaver is constructed so as to 

reflect incident light traveling in a first direction therethrough back into the interleaver (or more 
particularity, back into the birefiingent elements of the interleaver) such that returning light 
travels in a reverse direction therethrough. Half-wave waveplates 32 rotate the light by 90° prior 
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to the light being transmitted back through the birefringent element assembly 20 in the reverse 
direction. In Figure 9, a right-hand coordinate system of axes is used to characterize the optical 
beam propagation in the system at various locations with a convention that the light is always 
propagating in the +z direction and the +y direction is always out of the plane of the paper. 

[0084] The fold interleaver comprises a birefringent element assembly 20 disposed 

intermediate (in an optical sense) an input polarization beam displacer 21 and an intermediate 
polarization beam displacer 28. The birefringent element assembly 20 comprises a first 
birefringent element, such as first birefringent crystal 23; a second birefringent element, such as 
second birefringent crystal 24; and a third birefringent element, such as third birefringent crystal 
25. A reflector, such as one or more mirrors, or such as prism 27 (more than one prism may be 
utilized, if desired) deflects incident light which has passed through the birefringent element 
assembly 20 back into and through the birefringent element assembly 20, such that the returning 
light travels through the birefringent element assembly 20 in a reverse direction. Thus, light 
travels through the birefringent element assembly 20 in both directions, as discussed in detail 
above. 

[0085] Preferably, intermediate polarization beam displacer 28 receives incident light 

from the birefringent element assembly 20 and transmits the incident light to the prism 27. But, 
it can be placed between the birefringent element assembly 20 and the prism 27 on the path of 
returning light. 

[0086] Preferably, a first input half-wave waveplate assembly 29 comprises two half- 

wave waveplates disposed intermediate the input polarization beam displacer 21 and the 
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birefringent element assembly 20. The first one of the two half-wave waveplates 29 preferably 
has an optical axis thereof oriented at an angle of approximately 0° with respect to the +x axis at 
that location. A second half-wave waveplate of the two half- wave waveplates 29 preferably has 
an optical axis thereof oriented at an angle of approximately 45° with respect to the +x axis at 
that location. 

[0087] In a similar fashion, an output half-wave waveplate assembly 30 comprises four 

half- wave waveplates disposed intermediate the birefringent element assembly 20 and the output 
polarization beam displacer 22. A first one of the four half-wave waveplates 30 preferably has 
an optic axis thereof oriented at an angle of approximately 0° with respect to the +x axis at that 
location, a second one of the half-wave waveplates 30 preferably has an optic axis thereof 
oriented at an angle of approximately 45° with respect to the +x axis at that location, a third one 
of the half-wave waveplates 30 preferably has an optic axis thereof oriented at an angle of 
approximately 45° with respect to the +x axis at that location and a fourth one of the half-wave 
waveplates 30 preferably has an optic axis thereof oriented at an angle of approximately 90° with 
respect to the +x axis at that location. 

[0088] Preferably, a second input half-wave waveplate assembly 32 comprises four half- 

wave waveplates disposed intermediate the prism 27 and the birefringent element assembly 20. 
The first one of the half-wave waveplates 32 preferably has an optic axis thereof oriented at an 
angle of 45° with respect to the +x axis at that location, a second one of the half-wave 
waveplates 32 preferably has an optic axis thereof oriented at an angle of approximately 45° with 
respect to the +x axis at that location, a third one of the half-wave waveplates 32 preferably has 
an optic axis thereof oriented at an angle of approximately 45° with respect to the +x axis at that 

24 

DOCSOC\8595 lOv 1M2569.001 6 



12569-16/NEC 

location and a fourth one of the half-wave waveplates 32 preferably has an optic axis thereof 
oriented at an angle of approximately 45° with respect to the +x axis at that location. The 
positions and orientations of all the half-wave waveplates are provided by Figure 10. Because 
the orientation of all four of these half-wave waveplates is the same, they can be replaced with a 
single half-wave waveplate, if desired. 

[0089] Referring now to Figure 10, the optical beam states, the crystal orientations and 

the half-wave waveplate orientations at various locations in an exemplary fold interleaver of 
Figure 9 are shown. Each frame of Figure 10 has an underlined number associated therewith 
which corresponds to a location in the interleaver of Figure 9 having the same underlined 
number. Each of the four boxes of a frame corresponds to a physical beam position at the 
various locations. The polarization beam displacers 21, 22 and 28 shift the optical beams 
between these beam positions according to the orientation of the polarization beam displacer 21, 
22 and 28 and the polarization of the optical beam transmitted therethrough. 

[0090] It is worthwhile to appreciate that polarization beam displacers 21 and 22 may be 

either separate polarization beam displacers or may be the same polarization beam displacer, 
since they are located at approximately at the same position and have the same optical properties. 
Of course, utilizing a common polarization beam displacer rather than two separate polarization 
beam displacers may be desirable so as to reduce materials and assembly costs. 

[0091] According to the exemplary embodiment of a fold interleaver described by Fig. 

10, angles of 45°, -21° and 7° for the birefringent element orientations and phase delays of T , 
2 r , 2 T are utilized. However, those skilled in the art will appreciate that various other angles 
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and phase delays may be utilized. Generally, dispersion cancellation will be achieved via the 
folded configuration of the interleaver (wherein light from the birefringent element assembly is 
transmitted back therethrough) and by properly aligning the polarization directions of the odd 
channels and the even channels before transmitting them back through the birefringent element 
assembly regardless of the angular orientations of the birefringent elements. 

[0092] For the fold interleavers shown in Figure 9, a brief discussion of the optical beam 

u states, crystal orientations and half-wave waveplate orientations (as shown in Figure 10) may be 
q beneficial. At location 0 an input composite optical beam has two linearly polarized components 

issis 

ijl 1 (along the y direction) and 2 (along the x direction) at the top right beam position. After the 
Ul beam propagates through the polarization beam displacer 21 to location I, component 2 shifts to 
the top-left beam position and component 1 remains at the top-right beam position. The arrows 

has 

shown on the polarization beam displacers indicate the beam shift direction for the beam 
X displacers of Figure 9. 

[0093] After components 1 and 2, respectively, pass through two half-wave waveplates at 

location 2, the linearly polarized components 1 and 2 become polarized along the +x axis at 
location 3 . At location 2, the optical axis of the half-wave waveplate for component 1 is oriented 
at 45° with respect to the +x axis and the optical axis of the half-wave waveplate for component 
2 is oriented at 0° with respect to the +x axis. At location 4, the first birefringent crystal is 
oriented with its fast axis at -45° with respect to the +x axis. The crystal orientations for crystals 
2 and 3 are shown at locations 5 and 6, respectively. At location 7, the vertically polarized (y 
direction) components correspond to one set of the interleaved channels, e.g., the even channels, 
and the horizontally polarized (x direction) components correspond to another set of interleaved 
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channels, e.g., the odd channels. After they pass through the intermediate polarization beam 
displacer 28, the vertically polarized beams move to the bottom beam positions as shown at 
location 8. After the light components have been reflected by the prism 27 and have passed 
through the half-wave waveplates 32, the polarization direction for all of the components have 
been rotated by 90°. 

[0094] On the return path through the birefringent element assembly 20, the crystal 
, orientations do not change, since the same birefringent crystals are used. The +x axis changes its 
~j direction with respect to the crystals, because the coordinate system travels along with the optical 

sssss 

;!! beams. The crystal orientation angles, with respect to the +x axis, are changed conventionally. 
M By way of comparison, the polarization directions are horizontal at location 3. As discussed 

above, when the optical beams pass through the birefringent element assembly 20 forward and 

backward, zero, or nearly zero, dispersion is provided. 

[0095] At location 14, the la' and 2a' components are the corresponding odd channels 
and la" and 2a" components are the crosstalk noise from the even channels (typically very 
small). The lb' and the 2b' components are the corresponding even channels and lb" and 2b" 
components are the crosstalk noise from the odd channels (typically very small). Thick arrows 
(such as those of frames 14, 16 and 17) are used to indicate the desired (non-crosstalk) signal and 
thin arrows are used to indicate crosstalk when thick arrows are present. 

[0096] Using the half-wave waveplates at location 15 and the output polarization beam 

displacer 22, the two output beams la' and 2a' as well as lb' and 2b' are combined at location 
]7- The two output beams (la', 2a' and lb', 2b') are the two series of interleaved channels with 
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zero dispersion. Since the same crystals are used in the fold interleaver for both the incident 
light path and the returning light path, zero dispersion is achieved at a low cost, and in a small 
device. Further, using the same set of birefringent crystals in both instances mitigates alignment 
requirements. 

[0097] Since light travels through the birefringent element assembly and is then 

subsequently reflected back through the birefringent element assembly in a reverse direction, an 
effect equivalent to passing through two different birefringent element assemblies is achieved. 

;« That is > the number of birefringent elements is effectively doubled according to the present 
invention without actually having to double the number of birefringent elements. Indeed, the 

uj present invention may optionally be configured so as to cause light to travel through the 

birefringent element assembly 3, 4, 5, 6 or any other desired number of times, so as to further 

h= enhance the transmission characteristics of the interleaver. 

[0098] As those skilled in the art will appreciate, when dispersion mitigation is desired, 

then light will be reflected though the birefringent element assembly an even number of times 
such that the dispersion introduced by light traveling in one direction through the birefringent 
element assembly is substantially cancelled by dispersion introduced by light traveling in the 
opposite direction. When dispersion mitigation is not required, then the present invention may 
be configured such that light passes there through an odd number of times. 

[0099] It is worthwhile to note that the folded configuration of the interleaver of the 

present invention automatically matches elements between successive stages of birefringent 
filtering for effective mitigation of crosstalk and/or dispersion. That is, each pass through the 
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birefringent assembly in a direction opposite to the previous pass therethrough apparently occurs 
through a birefringent element assembly which is perfectly matched to the birefringent element 
assembly which the light previously pass through since the light passes through the same 
birefringent element assembly in both instances. 

[0100] Because the beam shift (by the beam displacers) is symmetric in the apparatus, the 

polarization mode dispersion (PMD) is minimized. 

M [0101] The exemplary fold interleaver shown in Figure 9 is a three-elementinterleaver 

.ssa 

£3 utilizing a birefringent element assembly 20 which comprises three separate birefringent 

elements or crystals. As those skilled in the art will appreciate, interleaves having more than 

^ three birefringent elements may alternatively be utilized so as to provide enhanced passband and 
stopband characteristics. Generally, the more elements utilized in a birefringent filter or 

jssis 

jjj interleaver, the better the passband and stopband characteristics thereof 

i«= [0102] On the other hand, the interleaver may be simplified by providing only one or two 

birefringent elements. Although the transmission characteristics will tend to suffer when fewer 
birefringent elements are utilized, there may be instances wherein adequate transmission 
characteristics are provided at the advantageously lower cost associated with fewer stages. Thus, 
for example, one or two birefringent crystals may alternatively be utilized, rather than three 
birefringent crystals as shown in Figure 9. 

[0103] Referring now to Figure 1 1, a schematic top view of an exemplary fold interleaver 

having two birefringent elements is shown. That is, the birefringent element assembly 20 thereof 
comprises only a first birefringent element or crystal 23 and a second birefringent element or 
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crystal 24. However, light is reflected through the two birefringent crystals in both directions, as 
it is in the fold interleaver of Figure 9. 

[0104] Referring now to Figure 12, the optical beam states, the crystal orientations, and 

the half-wave waveplate orientations at various locations in an exemplary two-element fold 
interleaver of Figure 1 1 are shown with birefringent element orientations of 45° and -15° and 
phase delays of T and 2 T , respectively. 

[0105] Referring now to Figures 13-15, the dispersion vs. wavelength, phase 

distortion vs. wavelength and transmission vs. wavelength curves are shown, respectively, for a 
50 GHz two-element non-fold interleaver with birefringent element orientations of 45° and -15° 
and phase delays of T and 2 F , respectively. 

[0106] Figures 16-18 show the dispersion vs. wavelength, phase distortion vs. 

wavelength and transmission vs. wavelength curves for a 50 GHz two-element fold interleaver 
having birefringent element orientations of 45° and -15° and phase delays for T and 2 T , 
respectively. 

[0107] A comparison of Figure 13 and Figure 16 clearly shows the advantages of a fold 

interleaver with respect to a non-fold interleaver. The dispersion shown in Figure 13 is 
substantial, while the dispersion shown in Figure 16 is approximately zero. Thus, a low or zero 
dispersion interleaver comprising only two birefringent elements can be provided according to 
the present invention. 
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[0108] Referring now to Figures 1 9-2 1 , a dispersion vs. wavelength curve, a phase 

distortion vs. wavelength curve and a transmission vs. wavelength curve are provided for a non- 
fold interleaver having only one birefiingent element or crystal. The birefringent element has an 
angular orientation of 45°. It is worthwhile to note that the dispersion of a single element non- 
fold birefringent filter or interleaver is approximately zero. That is, all single element 
birefringent filters or interleavers generally have approximately zero dispersion, whether they 
utilize a fold configuration or not. Thus, providing a fold single element interleaver generally 
does not enhance dispersion mitigation therefor. 

[0109] Referring now to Figures 22-24, a dispersion vs. wavelength curve, phase 

distortion vs. wavelength curve and the transmission vs. wavelength curve for a single element 
50 GHz fold interleaver are provided. The single birefringent element again has an angular 
orientation of 45°. Although utilizing a folded configuration for a single element interleaver 
does not tend to enhance dispersion mitigation therefor, the folded configuration does cause the 
light beam to travel through the birefringent element twice, thereby, at least in some instances, 
providing enhanced transmission characteristics. A comparison of the transmission vs. 
wavelength curve of Figure 24 for the folded interleaver with the transmission vs. wavelength 
curve of Figure 21 for the non-folded interleaver shows that the stopbands of the folded 
interleaver tend to be wider and deeper than the stopbands for the non-folded interleaver. Thus, 
at least in some applications, it may be beneficial to provide a single element folded interleaver. 

[01 10] Referring now to Figure 25, a fold interleaver utilizing a mirror rather than a 

prism is shown. Light input to the interleaver enters a first beam displacer 51, which is 
preferably both an input and output beam displacer. Light from the input/output polarization 
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beam displacer 51 passes through the birefringent element assembly 60, which comprises three 
birefringent elements or crystals. The light then passes through an intermediate beam displacer 
52. Light from the intermediate beam displacer 52 is reflected back through the interleaver such 
that the light passes through the birefringent element assembly 60 in the opposite direction. 

[0111] Alternatively, separate beam displacers may be utilized (such as one beam 
displacer for input light and two separate beam displacers for output light). After exiting the 
input beam displacer 51, the upper beam of light passes through glass plate 54 which 
compensates for a difference in paths lengths between the upper beam and the lower beam. As 
those skilled in the art will appreciate, without the glass plate 54 the upper beam has a shorter 
optical path length since the lower beam was displaced by the input polarization beam displacer 
51 and therefore traveled further therein. By compensating for this difference in optical path 
length, the glass plate 54 mitigates undesirable polarization mode dispersion (PMD) within the 
interleaver. The thickness of the glass plate 54 is determined by the optical properties and 
physical dimensions of the polarization beam displacers. 

[0112] Referring now to Figure 26, the optical beam states, the crystal orientations, and 

waveplate orientations at different locations for the fold interleaver of Figure 25 are shown. 

[0113] Referring now to Figure 27, a fold interleaver having a mirror rather than a prism 

may alternatively comprise only two birefringent elements or crystals, if desired. Although the 
use of two birefringent elements, rather than three, tends to degrade the transmission 
characteristics of the interleaver, in some instances sufficient performance may be provided. Of 
course, utilizing two birefringent elements in the birefringent element assembly 70, rather than 
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utilizing three birefringent elements therein, provides a substantial costs savings. In Figure 28, 
the optical beam states, the crystal orientations, and waveplate orientations at different locations 
for the fold interleaver of Figure 27 are shown. 

[0114] Other configurations are possible according to the present invention, for example 

Table I below summarizes the first stage phase delays, first stage orientations, second stage 
phase delays, and second stage orientations for possible embodiment of present invention. 



Table I 



First Stage 
Phase Delavs 


First Stage 
Orientations 


Second Stage 
Phase Delavs 


Second Stage 
Orientations 


r, 2I\ 2T 




2r, 2T, r 


90°± <p 3 , 90°± <p 2 , 90°± (p i (parallel component) 
±<p 3, ±#>2> ±<p i (orthogonal component) 


2T, 2T, T 


PS, <P2, <Pl 


r, 2r, 2r 


90°±p u 90°±<p 2 , 90°±<p 3 (parallel component) 
± <p u ± <P 2, ± <p 3 (orthogonal component) 



[0115] The fourth column of Table I (entitled Second Stage Orientations) shows four sets 

of birefringent element orientations for each configuration. Two sets of angles for the parallel 
component are provided and two sets of angles for the orthogonal component are provided. 

[0116] It is important to recognize that the first stage has two separate outputs or 

components. One of the two outputs or components from the first stage has a polarization 
direction which is parallel to the polarization direction of light that is input to the first stage and 
is therefore referred to herein as the parallel component. The other of the two outputs or 
components from the first stage has a polarization direction which is orthogonal to the 
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polarization direction of light that is input to the first stage and is therefore referred to herein as 
the orthogonal component. 



[0117] Light from the birefringent element assembly is directed back into the same 

birefiingent element assembly in a direction which is opposite to that direction in which light 
first traveled through the birefringent element assembly. As light travels through the birefringent 
element assembly in the first direction, the birefringent element assembly may be considered as a 
first stage. When light travels back through the birefringent element assembly in the second or 
reverse direction, the birefringent element assembly may be considered as a second stage. 
Therefore, the parallel component and the orthogonal component from the first stage are 
transmitted through birefringent elements of the second stage. It is important to remember that 
the first and second stages are actually the same birefringent element assembly, with light being 
transmitted therethrough in one direction so as to define a first stage of interleaving and light 
being transmitted therethrough in a second or reverse direction so as to define a second stage of 
interleaving. 

[0118] When the phase delays of the first stage are reversed in order with respect to the 

phase delays of the second stage, then the parallel component and the orthogonal component are 
transmitted through birefringent elements having different angular orientations, as also shown in 
Table L 

[0119] As those skilled in the art will appreciate, transmitting the parallel component and 

the orthogonal component through birefringent elements having different angular orientations 
can be accomplished in various different ways. For example, the parallel component and the 
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orthogonal component may be transmitted through two different sets of birefringent elements 
(which define the second stage), with each set having angular orientations which are appropriate 
for that component. Alternatively, polarization rotators (such as half-wave waveplates) may be 
used to align the parallel component and/or the orthogonal component such that the required 
orientation angles are provided and only a single set of birefringent elements is required for the 
second stage. 

[0120] Although the table provided above lists three elements in each stage, similar 

results can be achieved by utilizing only two elements (r, <p i) and (2r, (pi). Generally, when 

only two elements are utilized, the transmission characteristics will not be as good as the case for 
three elements. However, the lower cost of manufacturing such two element devices makes 
them desirable for some applications. 

[0121] It is important to note that where the ± is used in the table above, for a particular 

output component from the first stage (either the parallel component or the orthogonal 
component) the sign will be either + for all three values or - for all three values. For example, 
the first set of second stage orientations will always be either 90°+ p i, 90°+ <p 2 , and 90°+ #> 3 , or 
90°- <p i , 90°- <p 2 , and 90°- <p 3 for the parallel component and will never have mixed signs such as 
90°+^ i, 90°-p 2 ,and 90°+p 3 . 

[0122] In addition to manipulating the angular orientation of birefringent elements in the 

first and second stages of an interleaver or the like so as to provide approximately zero 
dispersion, it is also possible to manipulate the phase delays of the birefringent elements so as to 
provide approximately zero dispersion. Thus, various combinations of angular orientations of 
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the birefringent elements and phase delays thereof may be utilized so as to provide 
approximately zero dispersion. 

[0123] Varying the phase delay of the birefnngent elements in the first and/or second 

stages of an interleaver or the like provides added flexibility in the manner in which 
approximately zero dispersion may be obtained. This added flexibility may be utilized to 
provide ease in manufacturing and/or reduced assembly costs. 

[0124] Table II below summarizes the first stage phase delays, first stage orientations, 

second stage phase delays, and second stage orientations for exemplary configurations of an 
optical interleaver wherein various phase delays are utilized in the first stage and the second 
stage to obtain approximately zero dispersion. 

[0125] From the perspective of light propagation, the birefringent elements for the first 

stage are the same as the birefringent elements for the second stage, with the exception that the 
birefringent elements of the second stage are in reverse order with respect to the birefringent 
elements of the first stage since light is traveling through the first and second stages in opposite 
directions. However, some of the optical components which light is transmitted through on the 
return path (with the second stage) can be different from those optical components through 
which light is transmitted in the first direction (first stage). For example, one or more waveplates 
can be positioned in or proximate to the birefringent element assembly such that light only 
passes through these waveplates during one trip through the birefringent element assembly 
(either in the first direction or in the second direction). 
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Table II 



First Stage 
Phase Delavs 


First Stage 
Orientations 


Second Stage 
Phase Delavs 


Second Stage 
Orientations 


l + 2m, it, 
2T + 2m 2 7t, 
2T + 2m 3 re 


(p\, <Pi, <f>i 


2r + 2k 3 7t, 
2r + 2k 2 7t, 
T +2k, 7t 


90°±p 3 , 90°±^ 2 , 90°±^ , (parallel component) 
±^> 3 , ± #7 2 , ± ^ i (orthogonal component) 


T + 2m t 7i, 
2r + 2m 2 jc, 
2r + 2m 3 7C 


<P\, <Pi, (pi 


2r + 2k 3 7i, 
2T + 2k 2 jc, 
r+(2k,+l)7i 


90°±p 3 , 90°±<p 2 , 90°±^ , (parallel component) 
± <p 3 , ± 97 2 , ± 97 , (orthogonal component) 


2r + 2m 3 7C, 
2r + 2m 2 n, 
T + 2m, 7i 


(Pi, <P2, <P\ 


r +2k, 7i, 
2T + 2k 2 7t, 
2r + 2k 3 7t 


9O°±0> ,, 9O°±0> 2 , 9O°±0> 3 (parallel component) 
± ?7 1, ±^7 2 , ±^7 3 (orthogonal component) 


2r + 2m 3 7t, 
2r + 2m 2 7c, 
T + 2m, 7t 


(Pi, q>2, <P\ 


T +(2k, +1) 7i, 
2r + 2k 2 ir, 
2r + 2k 3 7t 


±^1,1^2! ±Pi (parallel component) 

90°±<p ,, 90°±<p 2 , 90°± cp 3 (orthogonal component) 


r+(2m,+l)7i, 
2r + 2m 2 7C, 
2r + 2m 3 7C 


<Pu <Pi, (pi 


2r+ 2k 3 n, 
2T + 2k 2 7T, 
T + 2k, 7X 


90°*^ 3 , 90°±^ 2 , 90°±?> , (parallel component) 
±q> 3, ± <p 2, ±(p , (orthogonal component) 


T +(2m,+l) 7i, 
2T + 2m 2 7t, 
2r + 2m 3 7t 


(PU (p7, (Pi 


2T + 2k 3 7i, 
2r + 2k 2 7t, 
T+(2ki +l)7t 


90°±p 3, 90°±p 2 , 90°±$9 , (parallel component) 
± <p 3, ± (p 2, ± (p 1 (orthogonal component) 


2r + 2m 3 71, 
2r + 2m 2 7i, 
r+(2m,+l)7i 


(pi, (pi, (p\ 


r + 2k, 7t, 
2r + 2k 2 7t, 
2T + 2k 3 7i 


± p ,, ±^) 2 , ±^7 3 (parallel component) 

90°±p 1, 90°±^7 2 , 90 o ±p 3 (orthogonal component) 


2r + 2m 3 7t, 
2r + 2m 2 7t, 
r+(2m,+l)7t 


(pi, (Pi, <p i 


r+(2k,+l)7i, 
2r + 2k 2 7i, 
2f + 2k 3 7t 


90°±p 1, 90°±^7 2 , 90°±^ 3 (parallel component) 
± 9 u ± <p 2, ± (p i (orthogonal component) 



[0126] Wherein mi, m 2? m 3 , ki, k 2 , k 3 are integers (0, ±1, ±2, . . .). 

[0127] As discussed above with respect to Table I 5 Table II also shows four sets of 

birefringent element orientations for each configuration. This is again necessary because the two 
different output components (the parallel component and the orthogonal component) from the 
first stage will, be transmitted through birefringent elements of the second stage where the 
orientation angles are different for the parallel component and the orthgogonal component. 
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[0128] If the phase delay of the element having the smallest phase delay of a stage is 

increased by tc [or mr, where n is an odd number], then the transmission characteristics of the 
parallel component and the orthogonal component are swapped (which means that the odd 
channels and the even channels are swapped) and the dispersion characteristics of the parallel 
component and the orthogonal component are unchanged. That is, the transmission curve shifts 
such that the stopband becomes the passband and the passband becomes the stopband. The 
dispersion curves shifts such that the dispersion curve for each new passband is the same as the 
dispersion curve for each passbond prior to the shift. The effect is the same for both odd and 
even channels. 

[0129] The different configurations of the present invention, wherein a first stage having 

three birefringent elements cooperates with a second stage (it is important to remember that the 
first and second stages preferably comprise a single birefringent element assembly through 
which light travels in two different directions) also having three birefringent elements so as to 
facilitate the construction of a device such as optical interleaver which has approximately zero 
dispersion, are summarized more generally in Table III. This table contains those configurations 
wherein approximately zero dispersion is obtained by varying the orientation of the birefringent 
elements of the second stage with respect to those of the first stage, varying the phase delays of 
the birefringent elements of the first and/or second stage, and by varying both the orientations of 
the birefringent elements of the second stage with respect to the first stage and the phase delays 
of the first and/or second stage. 
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Table III 



First Stage 
Phase Delavs 


First Stage 
Orientations 


Second Stage 
Phase Delavs 


Second Stage 
Orientations 


T + 2m, n, 
2T + 2m 2 7t, 
2r + 2m 3 7t 


<Pu 92, <pi 


2r + 2k 3 7t, 

2T + 2k 2 7t, 
r + 2ki 7C 


90°*^ j, 90°±<p 2 , 90°±<p , (parallel component) 
± <P i, ± 2, ± i (orthogonal component) 
where r - P = 2/7C 


r + 2m! 7C, 
2r + 2m 2 7C, 
2r + 2m 3 it 


<Pl, <P2, (pi 


2T + 2k 3 7t, 
2P + 2k 2 7t, 
r + 2k, 7C 


9O°±0> 3 , 90°±(Z> 2 , 90°±^ , (parallel component) 
±q> i,±(pi,±(p x (orthogonal component) 
wherer-P = (2/+ 1)7C 


2r + 2m 3 7t, 
2r + 2m 2 7C, 
T + 2mi 7t 


9i, <Pl, (P\ 


P + 2k, 7t, 
2P + 2k 2 7C, 
2P + 2k 3 7c 


90°±p i, 90°±^ 2 , 90°±^ 3 (parallel component) 
±g> u ±<p 2 ,±<Pi (orthogonal component) 
where T-F = 2ln 


2T + 2m 3 re, 
2r + 2m 2 7C, 
r + 2m,7t 


(pi, <P2, <P\ 


r + 2k, jc, 
2P + 2k 2 7C, 
2P + 2k 3 n 


±q> u ±<p 2 , ±<p 3 (parallel component) 

90°±<p ,, 90°±^ 2 , 90°±$? 3 (orthogonal component) 

where T - P = (2/ + 1)tc 



[0130] Wherein mi, m 2 , m 3 , k u k 2 , k 3 and / are integers (0, ±1, ±2, . . .). 



[0131] As discussed above with respect to Table I, Table III also shows four sets of 

birefringent element orientations for each configuration. This is again necessary because the two 
different output components (the parallel component and the orthogonal component) from the 
first stage will, in some instances, be transmitted through birefringent elements of the second 
stage where the orientation angles are different for the parallel component and the orthogonal 
component. 

[0132] Phase retardations T and F are a measure of the relative change in phase and are 
wavelength dependent in general. However, in the close range of the interested wavelengths 
(1550 nm for example), a small amount of phase change can be considered as wavelength 
independent. A full wavelength shift in optical path length can be considered as 2n in phase 



DOCSOC\859510vl\12569.0016 



39 



12569-16/NEC 

shift. This assumption give the simplicity to treat the mathematic formulas without introducing 
unacceptable errors. Considering all parameters used in all tables, it is typical that 2mi n, 2m 2 rc, 
2m 3 7i, 2ki n 9 2k 2 rc, 2k 3 n and 2ln«T and r\ 

[0133] All tables listed above have three elements in each stage. However, similar 

results apply to two elements stage as well. For example, the third birefiingent element in each 
case can be removed and the table is still true. 

[0134] Referring now to Figure 29, a half-wave waveplate oriented with the same 
angular orientation as the first birefiingent element 23 is placed at one of the phantom positions 
of the half-wave waveplates 29a and 29b, which facilitate operation of the intereleaver according 
to Table II and Table HI are shown for a three birefiingent element (they can also be used for a 
two element interleaver) fold interleaver. Now, the light polarization direction doesn't need to 
be rotated by 90° before returning back. One advantage provided by this configuration is ease in 
assembly. 

[01 35] Referring now to Figure 30, a half-wave waveplate oriented with the same 

angular orientation as the first birefiingent element 23 is placed at one of the phantom positions 
of the half-wave waveplates 29a and 29b, which facilitate operation of the interleaver according 
to Table II and Table III are shown for a two birefiingent element fold interleaver. Now, like for 
Figure 29, the light polarization direction does not need to be rotated by 90° before returning 
back. Again, one advantage provided by this configuration is ease in assembly. 

[0136] Although the invention described herein comprises an interleaver having 

birefiingent crystals in the birefiingent element assembly thereof, it is also possible to form an 

40 
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interleaver utilizing birefringent effects formed other than with birefringent crystals. For 
example, it is possible to achieve a birefringent effect utilizing polarization beam splitters and/or 
polarization beam displacers to separate an incoming optical beam into two orthogonally 
polarized optical beams and then causing the two orthogonally polarized beams to be transmitted 
along two paths, wherein each path has a different optical path length. In such instances, the 
above-mentioned angles associated with the birefringent crystals can be converted into 
equivalent relative angles between the optical beam polarization direction and the equivalent fast 
axes of the birefringent elements. Further, the phase delays for the first, second and third 
birefringent elements will preferably be the same as when birefringent crystals are utilized. 

[0137] Thus, according to the present invention, a fold birefringent filter or interleaver is 

provided, wherein reflecting light from a birefringent element assembly thereof back into and 
through the birefringent element assembly enhances transmission characteristic thereof and/or 
mitigates dispersion introduced thereby. 

[0138] Although most examples discussed above utilize equivalent birefringent filter 

element orientations angles of 45°, -2 1 ° and 7° and utilize phase delays of F , 2 F and 2 F , 
those skilled in the art will appreciate that various other angles and phase delays are likewise 
suitable. For example, phase delays of F , IF and F may alternatively be utilized. 

[0139] The interleavers described herein are suitable for demultiplexing optical signals. 

Those skilled in the art will appreciate similar structures may be utilized to multiplex optical 
signals. 
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[0140] As those skilled in the art will appreciate, the waveplates which are utilized in the 

present invention can optionally be omitted in some instances by rotating subsequent 
components appropriately. Further, various devices and/or materials may alternatively be 
utilized to orient the polarization direction of light beams. For example, devices and/or materials 
which are responsive to applied voltages, currents, magnetic fields and/or electrical fields may be 
used to orient the polarization direction of light beams. Thus, the use of waveplates herein is by 
way of example only, and not by way of limitations. 

[0141] Further, when waveplates having identical orientations are dispose next to one 

another, then a common waveplate may be substituted therefor. 

[0142] According to the presenting invention, a fold interleaver is provided which 

provides enhanced transmission and/or dispersion characteristics. If dispersion mitigation is not 
an important design requirement, then the fold interleaver may be configured so as to enhance 
transmission characteristics, and thereby mitigate crosstalk, without necessarily reducing 
dispersion. Such configuration of an interleaver of the present invention may be desirable when 
the cost is an important factor. Enhanced transmission characteristics without necessarily 
improving dispersion may be provided by omitting the waveplate which aligns the component 
light beams in proper directions prior to the component light beams being transmitted back 
through the birefringent element assembly. 

[0143] It is understood that the exemplary fold interleaver described herein and shown in 

the drawings represents only a presently preferred embodiment of the invention. Indeed, various 
modifications and additions may be made to such embodiment without departing from the spirit 
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and scope of the invention. For example, the use of a 50 GHz fold interleaver herein is by way 
of example only, and not by way of limitation. Those skilled in the art will appreciate that 
various other channel spacings, particularly more narrow channel spacings, are likewise suitable. 
Thus, these and other modifications and additions may be obvious to those skilled in the art and 
may be implemented to adapt the present invention for use in a variety of different applications. 
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